Introduction
============

"'Things fall apart; the center cannot hold\'"

-- WB Yeats, The Second Coming

Schizophrenia is a devastating disorder affecting ∼1% of the population. While there is clear evidence for roles for both genes and environment, a comprehensive biological understanding of the disorder has been elusive so far. Most notably, there has been until recently a lack of concerted integration across functional and genetic studies, and across human and animal model studies, resulting in missed opportunities to see the whole picture.

As part of a translational convergent functional genomics (CFG) approach, developed by us over the last decade,^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ and expanding upon our earlier work on identifying genes for schizophrenia^[@bib6]^ and biomarkers for psychosis,^[@bib7]^ we set out to comprehensively identify candidate genes, pathways and mechanisms for schizophrenia, integrating the available evidence in the field to date. We have used data from published genome-wide association studies (GWAS) data sets for schizophrenia.^[@bib8],\ [@bib9]^ We integrated those data with gene expression data---human postmortem brain gene expression data, human induced pluripotent stem cell-derived neuronal cells^[@bib10]^ and human blood gene expression data^[@bib7]^ published by others and us, as well as with relevant animal model brain and blood gene expression data generated by our group^[@bib6]^ and others. In addition, we have integrated as part of this comprehensive approach other genetic data---human genetic data (linkage, copy number variant (CNV) or association) for schizophrenia, as well as relevant mouse model genetic evidence ([Figure 1](#fig1){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}). Animal model data provide sensitivity of detection, and human data provide specificity for the illness. Together, they help to identify and prioritize candidate genes for the illness, using a polyevidence CFG score, resulting in essence in a de facto field-wide integration putting together the best available evidence to date. Once that is done, biological pathway analyses can be conducted and mechanistic models can be constructed ([Figure 3](#fig3){ref-type="fig"}).

An obvious next step is developing a way of applying that knowledge to genetic testing of individuals to determine risk for the disorder. On the basis of our comprehensive identification of top candidate genes described in this paper, we have chosen the nominally significant single-nucleotide polymorphisms (SNPs) inside those genes in the GWAS data set used for discovery (International Schizophrenia Consortium, ISC), and assembled a genetic risk prediction (GRP) panel out of those SNPs. We then developed a genetic risk prediction score (GRPS) for schizophrenia based on the presence or absence of the alleles of the SNPs associated with the illness in ISC, and tested the GRPS in independent cohorts (GAIN European Americans (EA), GAIN African Americans (AA), nonGAIN EA, nonGAIN AA)^[@bib9]^ for which we had both genotypic and clinical data available, comparing the schizophrenia subjects to normal controls. Our results show that a panel of SNPs in top genes identified and prioritized by CFG analysis can differentiate between schizophrenia subjects and controls at a population level, although at an individual level the margin is minimal. The latter point suggests that, like for bipolar disorder,^[@bib11]^ the contextual cumulative combinatorics of common variants and environment^[@bib12]^ plays a major role in risk for illness. Moreover, the genetic risk component identified by us seems to be stronger for classic age at onset schizophrenia than for early onset and late-onset schizophrenia, suggesting that those subtypes may be different, either in having a larger environmental component or having a different genetic component.

We have also looked at genetic heterogeneity, overlap and reproducibility between independent GWAS for schizophrenia. We show that the overlap is minimal at a nominal *P*-value SNP level, but increases dramatically at a gene level, then at a CFG-prioritized gene level and finally at a pathway level. CFG provides a fit-to-disease prioritization of genes that leads to generalizability in independent cohorts, and counterbalances the fit-to-cohort prioritization inherent in classic SNP level genetic-only approaches, which have been plagued by poor reproducibility across cohorts. Finally, we have looked at overlap with candidate genes for other psychiatric disorders (bipolar disorder, anxiety disorders), as well as with other disorders affecting cognition (autism, Alzheimer disease (AD)), and provide evidence for shared genes.

Overall, this work sheds comprehensive light on the genetic architecture and pathophysiology of schizophrenia, provides mechanistic targets for therapeutic intervention and has implications for genetic testing to assess risk for illness before the illness manifests itself clinically.

Materials and methods
=====================

Genome-wide association studies data for schizophrenia
------------------------------------------------------

The GWAS data from the ISC was used for the discovery CFG work.^8^ This cohort consists of EA subjects (3322 schizophrenics and 3587 controls). SNPs with a nominal allelic *P*-value \<0.05 were selected for our analysis. No Bonferroni correction was performed.

Four independent cohorts,^9^ two EA (GAIN EA 1170 schizophrenics and 1378 controls; nonGAIN EA 1149 schizophrenics and 1347 controls) and two AA (GAIN AA 915 schizophrenics and 949 controls; nonGAIN AA 78 schizophrenics and 20 controls), were used for testing the results of the discovery analyses. The GWAS GAIN and nonGAIN data used for analyses described in this paper were obtained from the database of Genotype and Phenotype (dbGaP) found at [www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov).

The software package PLINK (<http://pngu.mgh.harvard.edu/~purcell>) was used to extract individual genotype information for each subject from the GAIN GWAS data files. We analyzed EA, and separately, AA, schizophrenia subjects and controls.

Gene identification
-------------------

To identify the genes that correspond to the selected SNPs, the lists of SNPs from the GWAS were uploaded to NetAFFX (Affymetrix, Santa Clara, CA, USA; <http://www.affymetrix.com/analysis/index.affx>). We used the Netaffx na32 Genotyping Annotation build. In the cases where a SNP mapped to multiple genes, we selected all the genes. SNPs for which no gene was identified were not included in our subsequent analyses.

Convergent functional genomics analyses
=======================================

Databases
---------

We have established in our laboratory (Laboratory of Neurophenomics, Indiana University School of Medicine; [www.neurophenomics.info](http://www.neurophenomics.info)) manually curated databases of all the human gene expression (postmortem brain, blood, cell cultures), human genetic (association, CNVs, linkage) and animal model gene expression and genetic studies published to date on psychiatric disorders.^[@bib12]^ Only the findings deemed significant in the primary publication, by the study authors, using their particular experimental design and thresholds, are included in our databases. Our databases include only primary literature data, and do not include review papers or other secondary data integration analyses, to avoid redundancy and circularity. These large and constantly updated databases have been used in our CFG cross-validation and prioritization ([Figure 1](#fig1){ref-type="fig"}).

Human postmortem brain gene expression evidence
-----------------------------------------------

Information about genes was obtained and imported in our databases by searching the primary literature with PubMed (<http://ncbi.nlm.nih.gov/PubMed>), using various combinations of keywords (for this work: schizophrenia, psychosis, human, brain, postmortem). Convergence was deemed to occur for a gene if there were published human postmortem brain data showing changes in expression of that gene in tissue from patients with schizophrenia.

Human blood and other peripheral tissue gene expression data
------------------------------------------------------------

For human blood gene expression evidence, we have used previously generated data from our group,^[@bib7]^ as well as published data from the literature. We also included recent data generated from induced pluripotent stem cell-derived neurons.^[@bib10]^

Human genetic evidence (association, CNVs, linkage)
---------------------------------------------------

To designate convergence for a particular gene, the gene had to have independent published evidence of association, CNVs or linkage for schizophrenia. We sought to avoid using any association studies that included subjects that were also included in the ISC or GAIN GWAS. For CNVs, all the known genes on a CNV were taken. For linkage, the location of each gene was obtained through GeneCards (<http://www.genecards.org>), and the sex-averaged cM location of the start of the gene was then obtained through <http://compgen.rutgers.edu/old/map-interpolator/>. For linkage convergence, per our previously published criteria,^[@bib2]^ the start of the gene had to map within 5 cM of the location of a marker linked to the disorder.

Animal model brain and blood gene expression evidence
-----------------------------------------------------

For animal model brain and blood gene expression evidence, we have used our own comprehensive pharmacogenomic mouse model (phencyclidine and clozapine) data sets,^[@bib6]^ as well as published reports from the literature curated in our databases.

Animal model genetic evidence (transgenic)
------------------------------------------

To search for mouse genetic evidence (transgenic) for our candidate genes, we utilized PubMed as well as the Mouse Genome Informatics (<http://www.informatics.jax.org>; Jackson Laboratory, Bar Harbor, ME, USA) database, and used the search 'Genes and Markers\' form to find transgenics for categories 'Schizophrenia\' as well as 'abnormal nervous system physiology\' (subcategory 'abnormal sensorimotor gating\').

Convergent functional genomics analysis scoring
-----------------------------------------------

We used a nominal *P*-value threshold for including genes from the ISC GWAS in the CFG analysis: having a SNP with *P*\<0.05. All six cross-validating lines of evidence (other human data, animal model data) were weighted equally, receiving a maximum of 1 point each (for human genetic evidence: 0.5 points if it is linkage, 0.75 if it is from CNVs, 1 point if it is association). Thus, the maximum possible CFG score for each gene is 6. We have capped each line of evidence at 1 point, regardless of how many different studies support that line of evidence, to avoid potential 'popularity\' biases, where some genes are more studied than others.

The more lines of evidence, that is, the more times a gene shows up as a positive finding across independent studies, platforms, methodologies and species, the higher its CFG score ([Figure 1](#fig1){ref-type="fig"}). This is similar conceptually to the Google PageRank algorithm, in which the more links to a page, the higher it comes up on the search prioritization list.^[@bib13]^ Human and animal model data, genetic and gene expression were integrated and tabulated, resulting in a polyevidence CFG score. It has not escaped our attention that other ways of weighing the lines of evidence may give slightly different results in terms of prioritization, if not in terms of the list of genes *per se*. Nevertheless, we feel this simple scoring system provides a good separation of genes, with sensitivity provided by animal model data and specificity provided by human data.

Pathway analyses
----------------

IPA 9.0. (Ingenuity Systems, Redwood City, CA, USA) was used to analyze the biological roles, including top canonical pathways, of the candidate genes resulting from our work ([Table 2](#tbl2){ref-type="table"} and [Supplementary Table S5](#sup1){ref-type="supplementary-material"}), as well as used to identify genes in our data sets that are the target of existing drugs ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Intra-pathway epistasis testing
-------------------------------

As an example,^[@bib11]^ the ISC GWAS data were used to test for epistatic interactions among the best *P*-value SNPs in genes from our data set present in a top canonical biological pathway identified by Ingenuity pathway analysis ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). SNP × SNP allelic epistasis was tested for each distinct pair of SNPs between genes, using the PLINK software package.

Genetic risk prediction panel and scoring
-----------------------------------------

As we had previously done for bipolar disorder,^[@bib11]^ we developed a polygenic GRPS for schizophrenia based on the presence or absence of the alleles of the SNPs associated with illness, and tested the GRPS in independent cohorts for which we had both genotypic and clinical data available, comparing the schizophrenia subjects to normal controls. We tested two panels: a smaller one (GRPS-42) containing the single best *P*-value SNP in ISC in each of the top CFG prioritized genes (*n*=42), and a larger one (GRPS-542), containing all the nominally significant SNPs (*n*=542) in ISC in the top CFG prioritized genes (*n*=42; [Tables 3](#tbl3){ref-type="table"}, [4](#tbl4){ref-type="table"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}, and [Figure 4](#fig4){ref-type="fig"}).

Of note, our SNP panels and choice of affected alleles were based solely on analysis of the ISC GWAS, which is our discovery cohort, completely independently from the test cohorts. Each SNP has two alleles (represented by base letters at that position). One of them is associated with the illness (affected), the other not (non-affected), based on the odds ratios from the discovery ISC GWAS. We assigned the affected allele a score of 1 and the non-affected allele a score of 0. A two-dimensional matrix of subjects by GRP panel alleles is generated, with the cells populated by 0 or 1. A SNP in a particular individual subject can have any permutation of 1 and 0 (1 and 1, 0 and 1, 0 and 0). By adding these numbers, the minimum score for a SNP in an individual subject is 0, and the maximum score is 2. By adding the scores for all the alleles in the panel, averaging that, and multiplying by 100, we generate for each subject an average score corresponding to a genetic loading for disease, which we call Genetic Risk Predictive Score (GRPS).

The software package PLINK (<http://pngu.mgh.harvard.edu/~purcell>) was used to extract individual genotype information for each subject from the GAIN and nonGAIN GWAS data files. We analyzed separately EA and AA schizophrenia subjects and controls, to examine any potential ethnicity variability ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}, and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). To test for significance, a one-tailed *t*-test was performed between the schizophrenia subjects and the control subjects, looking at differences in GRPS.

Results
=======

Top candidate genes
-------------------

To minimize false negatives, we initially cast a wide net, using as a filter a minimal requirement for a gene to have both some GWAS evidence and some additional independent evidence. We thus generated an initial list of 3194 unique genes with at least a SNP at *P*\<0.05 in the discovery GWAS analyzed (ISC),^[@bib8]^ that also had some additional evidence (human or animal model data), implicating them in schizophrenia (CFG score ⩾1; [Table 5](#tbl5){ref-type="table"}). This suggests, using these minimal thresholds and requirements, that the repertoire of genes potentially involved directly or indirectly in cognitive processes and schizophrenia may be quite large, similar to what we have previously seen for bipolar disorder.^[@bib11]^

To minimize false positives, we then used the CFG analysis integrating multiple lines of evidence to further prioritize this list of genes, and focused our subsequent analyses on only the top CFG scoring candidate genes. Overall, 186 genes had a CFG score of 3 and above (⩾50% of maximum possible score of 6), and 42 had a CFG score of 4 and above ([Tables 1](#tbl1){ref-type="table"} and [5](#tbl5){ref-type="table"}, and [Figure 2](#fig2){ref-type="fig"}).

Our top findings from ISC ([Table 1](#tbl1){ref-type="table"}) were over-represented in two independent schizophrenia GWAS cohorts, the GAIN EA and GAIN AA. In total, 37 of the top 42 genes identified by our approach (88.1%) had at least a SNP with a *P*-value of \<0.05 in those independent cohorts, an estimated twofold enrichment over what would be expected by chance alone at a genetic level (as there were 9002 genes at *P*\<0.05 in the GAIN-EA GWAS, and the number of genes in the human genome is estimated at 20 500,^[@bib14]^ the enrichment factor provided by our approach is (37/42)/(9002/20 500)≈2). Of note, there was no correlation between CFG prioritization and gene size, thus excluding a gene-size effect for the observed enrichment ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Candidate blood biomarkers
--------------------------

Of the top candidate genes from [Table 1](#tbl1){ref-type="table"} (see also [Figure 2](#fig2){ref-type="fig"}), 15 out of 42 have prior human blood evidence for change in schizophrenia, implicating them as potential blood biomarkers. The additional evidence provided by GWAS data suggests a genetic rather than purely environmental (medications, stress) basis for their alteration in disease, and their potential utility as trait rather than purely state markers.

Biological pathways
-------------------

Pathway analyses were carried out on the top genes ([Table 2](#tbl2){ref-type="table"}), and on all the candidate genes ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Notably, glutamate receptor signaling, G-protein--coupled receptor signaling and cAMP-mediated signaling were the top canonical pathways over-represented in schizophrenia, which may be informative for new drug discovery efforts by pharmaceutical companies.

Genetic risk prediction
-----------------------

Once the genes involved in a disorder are identified, and prioritized for likelihood of involvement, then an obvious next step is developing a way of applying that knowledge to genetic testing of individuals to determine risk for the disorder. Based on our identification of top candidate genes described above using CFG, we pursued a polygenic panel approach, with digitized binary scoring for presence or absence, similar to the one we have devised and used in the past for biomarkers testing^[@bib5]^ and for genetic testing in bipolar disorder.^[@bib11]^ Somewhat similar approaches but without CFG prioritization, attempted by other groups, have been either unsuccessful^[@bib15]^ or have required very large panels of markers.^[@bib8],\ [@bib16]^

We first chose the single best *P*-value SNPs in each of our top CFG prioritized genes (*n*=42) in the ISC GWAS data set used for discovery, and assembled a GRP panel out of those SNPs ([Table 3](#tbl3){ref-type="table"}). We then developed a GRPS for schizophrenia based on the presence or absence of the alleles of the SNPs associated with the illness, and tested the GRPS in independent cohorts (GAIN EA and GAIN AA), comparing the schizophrenia subjects to normal controls ([Table 3](#tbl3){ref-type="table"}). The results were not significant. We concluded that genetic heterogeneity at a SNP level is a possible explanation for these negative results. We then sought to see if we get better separation with a larger panel, containing all the nominally significant SNPs (*n*=542) in the top CFG prioritized genes in ISC (*n*=42), on the premise that a larger panel may reduce the heterogeneity effects, as different SNPs might be more strongly associated with illness in different cohorts. We found that our larger panel of SNPs was indeed able to significantly distinguish schizophrenics from controls in both GAIN EA and GAIN AA, two independent cohorts of different ethnicities. To verify this unexpectedly strong result, we further tested our panel in two other independent cohorts, nonGAIN EA and nonGAIN AA, and obtained similarly significant results ([Table 4](#tbl4){ref-type="table"} and [Figure 4](#fig4){ref-type="fig"}).

We also looked at whether our GRPS score distinguishes classic age of onset schizophrenia (defined by us as ages 15 to 30 years) from early onset (before 15 years) and late-onset (after 30 years) illness. Our results show that classic age of onset schizophrenia has a significantly higher GRPS than early or late-onset schizophrenia, in three out of the four independent cohorts of two different ethnicities ([Figure 5](#fig5){ref-type="fig"}).

Finally, as we had done previously for bipolar disorder,^[@bib11]^ we developed a prototype of how the GRPS score could be used in testing individuals to establish their category of risk for schizophrenia ([Figure 6](#fig6){ref-type="fig"}). The current iteration of the test, using the panel of 542 SNPs, seems to be able to distinguish in independent cohorts who is at lower risk for classic age of onset schizophrenia in two out of three EA subjects, and who is at higher risk for classic age of onset schizophrenia in three out of four AA subjects.

Overlap among studies
---------------------

We examined the overlap at a nominally significant (*P*\<0.05) SNP level between ISC, GAIN EA and GAIN AA, and found that a minority of these SNPs (0.4%) overlap ([Table 5](#tbl5){ref-type="table"} and [Figure 7](#fig7){ref-type="fig"}). We then examined the overlap at a gene level, then CFG prioritized genes level and finally biological pathways level, and found increasing evidence of commonality and reproducibility of findings across studies.

Discussion
==========

Our CFG approach helped prioritize genes, such as DISC1 and MBP, with weaker evidence in the GWAS data but with strong independent evidence in terms of gene expression studies and other prior human or animal genetic work. Conversely, some of the top findings from GWAS, such as ZNF804A, have fewer different independent lines of evidence, and thus received a lower CFG prioritization score in our analysis ([Supplementary Information-Table S1](#sup1){ref-type="supplementary-material"}), although ZNF804A is clearly involved in schizophrenia-related cognitive processes.^[@bib17]^ While we cannot exclude that more recently discovered genes have had less hypothesis-driven work done and thus might score lower on CFG, it is to be noted that the CFG approach integrates predominantly non-hypothesis driven, discovery-type data sets, such as gene expression, GWAS, CNV, linkage and quantitative traits loci. We also cap each line of evidence from an experimental approach ([Figure 1](#fig1){ref-type="fig"}) at a maximum score of 1, to minimize any 'popularity\' bias, whereas multiple studies of the same kind are conducted on better-established genes. In the end, it is gene-level reproducibility across multiple approaches and platforms that is built into the approach and gets prioritized most by CFG scoring during the discovery process. Our top results subsequently show good reproducibility and predictive ability in independent cohort testing, the litmus test for any such work.

At the very top of our list of candidate genes for schizophrenia, with a CFG score of 5, we have four genes: DISC1, TCF4, MBP and HSPA1B. An additional five genes have a CFG score of 4.5: MOBP, NRCAM, NCAM1, NDUFV2 and RAB18.

DISC1 (Disrupted-in Schizophrenia 1), encodes a scaffold protein that has an impact on neuronal development and function,^[@bib18],\ [@bib19],\ [@bib20]^ including neuronal connectivity.^[@bib21]^ DISC1 has been identified as a susceptibility gene for major mental disorders by multiple studies.^[@bib22],\ [@bib23],\ [@bib24]^ DISC1 isoforms are upregulated in expression in blood cells in schizophrenia, thus serving as a potential peripheral biomarker as well.^[@bib25],\ [@bib26]^ Developmental stress interacts with DISC1 expression to produce neuropsychiatric phenotypes in mice.^[@bib27]^ Notably, its interacting partners PDE4B,^[@bib28]^ TNIK,^[@bib29]^ FEZ1 (ref. [@bib30]) and DIXDC1 (ref. [@bib31]) are also present on our list of prioritized candidate genes, with CFG scores of 4, 4, 3.5 and 2.5, respectively ([Table 1](#tbl1){ref-type="table"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

TCF4 (transcription factor 4) encodes a basic helix-turn-helix transcription factor, expressed in immune system as well as neuronal cells. It is required for the differentiation of subsets of neurons in the developing brain. There are multiple alternatively spliced transcripts that encode different proteins, providing for biological diversity and heterogeneity. Defects in this gene are a cause of Pitt-Hopkins syndrome, characterized by mental retardation with or without associated facial dysmorphisms and intermittent hyperventilation. TCF4 has additional genetic evidence for association with schizophrenia-relevant phenotypes.^[@bib32],\ [@bib33],\ [@bib34],\ [@bib35]^ It is changed in expression in postmortem brain,^[@bib36]^ induced pluripotent stem cell-derived neurons^[@bib10]^ and blood from schizophrenia patients.^[@bib7]^ Notably, it is a candidate blood biomarker for level of delusional symptoms (decreased in high delusional states) based on our previous work.^[@bib7]^

MBP (myelin basic protein) is a major constituent of the myelin sheath of oligodendrocytes and Schwann cells in the nervous system. MBP-related transcripts are also present in the bone marrow and the immune system. MBP has additional genetic evidence for association with schizophrenia.^[@bib37]^ It is decreased in expression in postmortem brain^[@bib38]^ and blood^[@bib39]^ from schizophrenia patients. MBP is also changed in expression in the brain and blood of a pharmacogenomics mouse model of schizophrenia, based on our previous work.^[@bib6]^ It was also decreased in expression in a stress-reactive genetic mouse model of bipolar disorder,^[@bib40]^ and treatment with the omega-3 fatty acid docosahexaenoic acid led to an increase in expression. Notably, MBP is a candidate blood biomarker for level of mood symptoms (increased in high mood states in bipolar subjects), based on our previous work.^[@bib5]^ Overall, the data indicate that MBP and other myelin-related genes^[@bib41],\ [@bib42]^ may be involved in the effects of stress on psychosis and mood. Demyelinating disorders such as multiple sclerosis tend to be precipitated and exacerbated by stress, and have co-morbid psychiatric symptoms.^[@bib43]^ Of note, other myelin-related genes are also present on our list of prioritized candidate genes: MOBP and MOG, with CFG scores of 4.5 and 3, respectively ([Table 1](#tbl1){ref-type="table"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

HSPA1B (heat-shock 70-kDa protein 1B), a chaperone involved in stress response, stabilizes existing proteins against aggregation and mediates the folding of newly translated proteins. HSPA1B has additional genetic evidence for association with schizophrenia.^[@bib44]^ It is changed in expression in postmortem brain^[@bib45]^ and induced pluripotent stem cell-derived neurons^[@bib10]^ from schizophrenia patients. HSPA1B is also increased in expression in the brain and blood of a pharmacogenomics mouse model of schizophrenia, based on our previous work.^[@bib6]^ It was also co-directionally changed in the brain and blood in a phramacogenomic mouse model of anxiety disorders, we have recently described,^[@bib46]^ as well as in a stress-reactive genetic mouse model.^[@bib40]^ Treatment with the omega-3 fatty acid docosahexaenoic acid reversed the increase in expression of HSPA1B in this stress-reactive genetic mouse model.^[@bib47]^ Another closely related molecule, HSPA1A (heat-shock 70-kDa protein 1A), is also present on our list of prioritized candidate genes, with a CFG score of 3.5 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Heat-shock proteins may be involved in the biological and clinical overlap and interdependence between response to stress, anxiety and psychosis.

NRCAM (neuronal cell adhesion molecule) encodes a neuronal cell adhesion molecule. This ankyrin-binding protein is involved in neuron--neuron adhesion and promotes directional signaling during axonal cone growth. NRCAM is also expressed in non-neural tissues and may have a general role in cell--cell communication via signaling from its intracellular domain to the actin cytoskeleton during directional cell migration. It is decreased in expression in postmortem brain^[@bib48]^ and peripherally in serum^[@bib49]^ from schizophrenia patients. NRCAM is also changed in expression in the brain of a pharmacogenomics mouse model of schizophrenia, based on our previous work.^[@bib6]^ It was also increased in the amygdala in a stress-reactive genetic mouse model studied by our group.^[@bib40]^ Another closely related molecule, NCAM1 (neural cell adhesion molecule 1), is among our top candidate genes as well. These data support a central role for cell connectivity and cell adhesion in schizophrenia.

Another top candidate gene is CNR1 (cannabinoid receptor 1, brain). CNR1 is a member of the guanine-nucleotide-binding protein (G-protein) coupled receptor family, which inhibits adenylate cyclase activity in a dose-dependent manner. CNR1 has additional genetic evidence for association with schizophrenia.^[@bib50],\ [@bib51]^ It is decreased in expression in postmortem brain from schizophrenics.^[@bib52]^ The other main cannabinoid receptor, CNR2 (cannabinoid receptor 2), is among our top candidate genes too ([Supplementary Table S1)](#sup1){ref-type="supplementary-material"}, and is decreased in expression in postmortem brain from schizophrenics as well. These data support a role for the cannabinoid system in schizophrenia, perhaps through a deficiency of the endogenous cannabinoid signaling that leads to vulnerability to psychotogenic stress,^[@bib53]^ and is accompanied by increased compensatory exogenous cannabinoid consumption that may have additional deleterious consequences.^[@bib54]^

A number of glutamate receptor genes are present among our top candidate genes for schizophrenia (GRIA1, GRIA4, GRIN2B and GRM5), as well as GAD1, an enzyme involved in glutamate metabolism, and SLC1A2, a glutamate transporter ([Table 1](#tbl1){ref-type="table"}). Other genes involved in glutamate signaling present in our data, with a lower scores, are GRIN2A, SLC1A3, GRIA3, GRIK4, GRM1, GRM4 and GRM7 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Glutamate receptor signaling is one of the top canonical pathways over-represented in our analyses ([Table 2](#tbl2){ref-type="table"}), and that finding is reproduced in independent GWA data sets ([Table 2](#tbl2){ref-type="table"}). One has to be circumspect with interpreting such results, as glutamate signaling is quasi-ubiquitous in the brain, and a lot of prior hypothesis-driven work has focused on this area, potentially biasing the available evidence. Nevertheless, our results are striking, and contribute to the growing body of evidence that has emerged over the last few years implicating glutamate signaling as a point of convergence for findings in schizophrenia,^[@bib55]^ as well as for autism^[@bib56]^ and AD.^[@bib57]^ Glutamate signaling is the target of active drug development efforts,^[@bib58]^ which may be informed and encouraged by our current findings.

Our analysis also provides evidence for other genes that have long been of interest in schizophrenia, but have had previous variable evidence from genetic-only studies: BDNF, COMT, DRD2, DTNBP1 (dystrobrevin binding protein1/dysbindin; [Table 1](#tbl1){ref-type="table"}). In addition, our analysis provides evidence for genes that had previously not been widely implicated in schizophrenia, but do have relevant biological roles, demonstrating the value of empirical discovery-based approaches such as CFG ([Table 1](#tbl1){ref-type="table"}): ANK3,^[@bib48]^ ALDH1A1 and ADCYAP1, which is a ligand for schizophrenia candidate gene VIPR2,^[@bib59],\ [@bib60]^ also present in our data set, albeit with a lower CFG score of 2. Other genes of interest in our full data set ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) include ADRBK2 (GRK3), first described by us as a candidate gene for psychosis,^[@bib1]^ CHRNA7,^[@bib61]^ and PDE10A,^[@bib62]^ which are targets for drug development efforts.

Pathways and mechanisms
-----------------------

Our pathway analyses results are consistent with the accumulating evidence about the role of synaptic connections and glutamate signaling in schizophrenia, most recently from CNV studies^[@bib63]^([Table 2](#tbl2){ref-type="table"}, [Supplementary Table S5](#sup1){ref-type="supplementary-material"}, [Figure 3](#fig3){ref-type="fig"}). Very importantly, the same top pathways were consistent across independent GWA studies we analyzed ([Tables 2](#tbl2){ref-type="table"}, [5](#tbl5){ref-type="table"}, and [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). We also did a manual curation of the top candidate genes and their grouping into biological roles examining them one by one using PubMed and GeneCards, to come up with a heuristic model of schizophrenia ([Figure 3](#fig3){ref-type="fig"}). Overall, while multiple mechanistic entry points may contribute to schizophrenia pathogenesis ([Figure 3a](#fig3){ref-type="fig"}), it is likely at its core a disease of decreased cellular connectivity precipitated by environmental stress during brain development, on a background of genetic vulnerability ([Figure 3b](#fig3){ref-type="fig"}).

Genetic risk prediction
-----------------------

Of note, our SNP panels and choice of affected alleles were based solely on analysis of the discovery ISC GWAS, completely independently from the test GAIN EA, GAIN AA, nonGAIN EA and nonGAIN AA GWAS. Our results show that a relatively limited and well-defined panel of SNPs identified based on our CFG analysis could differentiate between schizophrenia subjects and controls in four independent cohorts of two different ethnicities, EA and AA. Moreover, the genetic risk component identified by us seems to be stronger for classic age of onset schizophrenia than for early or late-onset illness, suggesting that the latter two may be more environmentally driven or have a somewhat different genetic architecture. It is likely that such genetic testing will have to be optimized for different cohorts if done at a SNP level. Interestingly, at a gene and pathway level, the differences between studies seem much less pronounced than at a SNP level, if at all present ([Table 5](#tbl5){ref-type="table"}), suggesting that gene-level and pathway-level tests may have more universal applicability. In the end, such genetic data, combined with family history and other clinical information (phenomics),^[@bib64]^ as well as with blood biomarker testing,^[@bib5]^ may provide a comprehensive picture of risk of illness.^[@bib65],\ [@bib66]^

Reproducibility among studies
-----------------------------

Our work provides striking evidence for the advantages, reproducibility and consistency of gene-level analyses of data, as opposed to SNP level analyses, pointing to the fundamental issue of genetic heterogeneity at a SNP level ([Table 5](#tbl5){ref-type="table"} and [Figure 7](#fig7){ref-type="fig"}). In fact, it may be that the more biologically important a gene is for higher mental functions, the more heterogenity it has at a SNP level^[@bib67]^ and the more evolutionary divergence,^[@bib68]^ for adaptive reasons. On top of that, CFG provides a way to prioritize genes based on disease relevance, not study-specific effects (that is, fit-to-disease as opposed to fit-to-cohort). Reproducibility of findings across different studies, experimental paradigms and technical platforms is deemed more important (and scored as such by CFG) than the strength of finding in an individual study (for example, *P*-value in a GWAS). The CFG prioritized genes show even more reproducibility among independent GWAS cohorts (ISC, GAIN EA, GAIN AA) than the full list of unprioritized genes with nominal significant SNPs. The increasing overlap and reproducibility between studies of genes with a higher average CFG score points out to their biological relevance to disease architecture. Finally, at a pathway level, there is even more consistency across studies. Again, the pathways derived from the top CFG scoring genes show more consistency than the pathways derived from the lower CFG scoring genes. Overall, using our approach, we go from a reproducibilty between independent studies of 0.4% at the level of nominally significant SNPs to a reproducibility of 97.1% at the level of pathways derived from top CFG scoring genes.

Overlap with other psychiatric disorders
----------------------------------------

Despite using lines of evidence for our CFG approach that have to do only with schizophrenia, the list of genes identified has a notable overlap with other psychiatric disorders ([Figure 8](#fig8){ref-type="fig"}, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). This is a topic of major interest and debate in the field.^[@bib12],\ [@bib69]^ We demonstrate an overlap between top candidate genes for schizophrenia and candidate genes for anxiety and bipolar disorder, previously identified by us through CFG ([Figure 8](#fig8){ref-type="fig"}), thus providing a possible molecular basis for the frequently observed clinical co-morbidity and interdependence between schizophrenia and those other major psychiatric disorders, as well as cross-utility of pharmacological agents. In particular, PDE10A is at the overlap of all three major psychiatric domains, and may be of major interest for drug development.^[@bib62]^ The overlap between schizophrenia and bipolar may have to do primarily with neurotrophicity and brain infrastructure (underlined by genes such as DISC1, NRG1, BDNF, MBP, NCAM1, NRCAM, PTPRM). The overlap between schizophrenia and anxiety may have to do primarily to do with reactivity and stress response (underlined by genes such as NR4A2, QKI, RGS4, HSPA1B, SNCA, STMN1, LPL). Notably, the overlap between schizophrenia and anxiety is of the same magnitude as the previously better appreciated overlap between schizophrenia and bipolar disorder,^[@bib6],\ [@bib70]^ supporting the consideration of a nosological domain of schizoanxiety disorder,^[@bib46]^ by analogy to schizoaffective disorder. Clinically, while there are some reports of co-morbidity between schizophrenia and anxiety,^[@bib71]^ it is an area that has possibly been under-appreciated and understudied. 'Schizoanxiety disorder\' may have heuristic value and pragmatic clinical utility.

We also looked at the overlap with candidate genes for autism and AD from the literature ([Supplementary Table S1)](#sup1){ref-type="supplementary-material"}, to elucidate whether schizophrenia, autism and AD might be on a spectrum, that is, whether autism might be a form of 'schizophrenia praecox\', similar to schizophrenia being referred to as 'dementia praecox\' (Kraepelin). We see significant overlap between the three disorders among the top genes with a CFG score of 4: a third of the genes overlap between schizophrenia and autism, and a quarter between schizophrenia and AD. Additional key genes of interest are lower on the list as well, with a CFG score of 3: CNTNAP2 for autism, MAPT and SNCA for AD ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Conclusions and future directions
---------------------------------

First, in spite of its limitations, our analysis is arguably the most comprehensive integration of genetics and functional genomics to date in the field of schizophrenia, yielding a comprehensive view of genes, blood biomarkers, pathways and mechanisms that may underlie the disorder. From a pragmatic standpoint, we would like to suggest that our work provides new and/or more comprehensive insights on genes and biological pathways to target for new drug development by pharmaceutical companies, as well as potential new uses in schizophrenia for existing drugs, including omega-3 fatty acids ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Second, our current work and body of work over the years provides proof how a combined approach, integrating functional and genotypic data, can be used for complex disorders-psychiatric and non-psychiatric, as has been attempted by others as well.^[@bib72],\ [@bib73]^ What we are seeing across GWAS of complex disorders are not necessarily the same SNPs showing the strongest signal, but rather consistency at the level of genes and biological pathways. The distance from genotype to phenotype may be a bridge too far for genetic-only approaches, given genetic heterogeneity and the intervening complex layers of epigenetics and gene expression regulation.^[@bib74]^ Consistency is much higher at a gene expression level ([Table 5](#tbl5){ref-type="table"}),^[@bib75]^ and then at a biological pathway level. Using GWAS data in conjunction with gene expression data as part of CFG or integrative genomics^[@bib76]^ approaches, followed by pathway-level analysis of the prioritized candidate genes, can lead to the unraveling of the genetic code of complex disorders such as schizophrenia.

Third, our work provides additional integrated evidence focusing attention and prioritizing a number of genes as candidate blood biomarkers for schizophrenia, with an inherited genetic basis ([Table 1](#tbl1){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}). While prior evidence existed as to alterations in gene expression levels of those genes in whole-blood samples or lymphoblastoid cell lines from schizophrenia patients, it was unclear prior to our analysis whether those alterations were truly related to the disorder or were instead related only to medication effects and environmental factors.

Fourth, we have put together a panel of SNPs, based on the top candidate genes we identified. We developed a GRPS based on our panel, and demonstrate how in four independent cohorts of two different ethnicities, the GRPS differentiates between subjects with schizophrenia and normal controls. From a personalized medicine standpoint, genetic testing with highly prioritized panels of best SNP markers may have, upon further development ([Figure 6](#fig6){ref-type="fig"}) and calibration by ethnicity and gender, a role in informing decisions regarding early intervention and prevention efforts; for example, for classic age of onset schizophrenia before the illness fully manifests itself clinically, in young offspring from high-risk families. After the illness manifests itself, gene expression biomarkers and phenomic testing approaches, including clinical data, may have higher yield than genetic testing. A multi-modal integration of testing modalities would be the best approach to assess and track patients, as individual markers are likely to not be specific for a single disorder. The continuing re-evaluation in psychiatric nosology^[@bib66],\ [@bib77]^ brought about by recent advances will have to be taken into account as well for final interpretation of any such testing. The complexity, heterogeneity, overlap and interdependence of major psychiatric disorders as currently defined by DSM suggests that the development of tests for dimensional disease manifestations (psychosis, mood and anxiety)^[@bib66]^ will ultimately be more useful and precise than developing tests for existing DSM diagnostic categories.

Finally, while we cannot exclude that rare genetic variants with major effects may exist in some individuals and families, we suggest a contextual cumulative combinatorics of common variants genetic model best explains our findings, and accounts for the thin genetic load margin between clinically ill subjects and normal controls, which leaves a major role to be played by gene expression (including epigenetic changes) and the environment. This is similar to our conclusions when studying bipolar disorder,^[@bib11]^ and may hold true in general for complex medical disorders, psychiatric and non-psychiatric. Full-blown illness occurs when genetic and environmental factors converge, usually in young adulthood for schizophrenia. When they diverge, a stressful/hostile environment may lead to mild or transient illness even in normal genetic load individuals, whereas a favorable environment may lead to supra-normative functioning in certain life areas (such as creative endeavors) for individuals who carry a higher genetic load. The flexible interplay between genetic load, environment and phenotype may permit evolution to engender diversity, select and conserve alleles, and ultimately shape populations. Our emerging mechanistic understanding of psychosis as disconnectivity, mood as activity^[@bib11]^ and anxiety as reactivity^[@bib46]^ may guide such testing and understanding of population distribution as being on a multi-dimensional spectrum, from supra-normative to normal to clinical illness.

This work is, in essence, a field-wide collaboration. We would like to acknowledge our debt of gratitude for the efforts and results of the many other groups, cited in our paper, who have conducted and published empirical studies (human and animal model, genetic and gene expression) in schizophrenia. With their arduous and careful work, a convergent approach such as ours is possible. We would particularly like to thank the ISC and GAIN consortia. We would also like to thank the subjects who participated in these studies, their families and their caregivers. Without their contribution, such work to advance the understanding of mental illness would not be possible. Finally, we would like to acknowledge Elyn Saks for her insightful memoir, which inspired the Yeats quote at the beginning of the paper. This work was supported by an NIH Directors\' New Innovator Award (1DP2OD007363) and a VA Merit Award (1I01CX000139-01) to ABN.
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![Convergent functional genomics. GWAS, genome-wide association study; ISC, International Schizophrenia Consortium; SNP, single-nucleotide polymorphism.](mp201237f1){#fig1}

![Top candidate genes for schizophrenia. CFG, convergent functional genomics; GWAS, genome-wide association study; ISC, International Schizophrenia Consortium.](mp201237f2){#fig2}

![Schizophrenia as a disease of disconnection. (**a**) Biology of schizophrenia, (**b**) gene--environment interplay.](mp201237f3){#fig3}

![Genetic risk prediction of schizophrenia in four independent cohorts. AA, African American; EA, European American; GRPS, genetic risk prediction score.](mp201237f4){#fig4}

![Genetic risk score and age at onset of schizophrenia. AA, African American; AAO, age at onset; EA, European American; GRPS, genetic risk prediction score.](mp201237f5){#fig5}

![Prototype of how genetic risk prediction score (GRPS) testing could be used at an individual rather than population level, to aid diagnostic and personalized medicine approaches. We used the average values and standard deviation values for GRPS from the GAIN samples from each ethnicity (European American (EA) and African American (AA)) as thresholds for predictive testing in the independent nonGAIN EA and nonGAIN AA cohorts. The average GRPS score for schizophrenics in the GAIN cohort is used as a cut-off for schizophrenics in the test cohort (that is, being above that threshold), and the average GRPS score for controls in the GAIN cohort is used as a cut-off for controls in the test nonGAIN cohort (that is, being below that threshold). The subjects who are in between these two thresholds are called undetermined. Furthermore, to stratify risk, we categorized subjects into risk categories (in red, increased risk; in blue, decreased risk): Category 1 if they fall within one standard deviation above the schizophrenics\' threshold, and category −1 if they fall within one standard deviation below the controls threshold. Category 2 and −2, subjects are between one and two standard deviations from the thresholds, category 3 and −3, subjects are between two and three standard deviations, and category 4 and −4, subjects are those who fall beyond three standard deviations of the thresholds. The positive predictive value (PPV) of the tests increases in the higher categories, and the test is somewhat better at distinguishing controls in EA (that is, in a practical application, individuals that are lower risk of developing the illness), and schizophrenics in AA (that is, in a practical application, individuals that are higher risk of developing the illness).](mp201237f6){#fig6}

![Overlap between independent genome-wide association study (GWAS). AA, African American; EA, European American; CFG, convergent functional genomics; ISC, International Schizophrenia Consortium; SNP, single-nucleotide polymorphism.](mp201237f7){#fig7}

![Genetic overlap among psychiatric disorders.](mp201237f8){#fig8}

###### Top candidate genes for schizophrenia---CFG analysis of ISC GWAS data

  *Gene Symbol/name*                                                                      *ISC GWAS best* P*-value SNP*    *Animal model genetic evidence (TG )*                                                                             *Animal model brain gene expression evidence*                                                                                                                                   *Animal model blood gene expression evidence*^[@bib6]^   *Human genetic evidence (association CNV or linkage)*                                                                 *Human postmortem brain gene expression evidence*                                                                                                                                                                            *Human blood/other peripheral tissue gene expression evidence*                                                                      *CFG score*   *GAIN-EA GWAS best* P*-value SNP*   *GAIN-AA GWAS best* P*-value SNP*
  --------------------------------------------------------------------------------------- -------------------------------- ----------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------- ------------- ----------------------------------- -----------------------------------
  [DISC1]{.ul}, disrupted in schizophrenia 1                                              0.002934, rs10910616             SZ^[@bib18],\ [@bib27],\ [@bib78],\ [@bib79],\ [@bib80],\ [@bib81],\ [@bib82],\ [@bib83],\ [@bib84],\ [@bib85]^   \(I\) Antipsychotic treatment,^[@bib86]^ mouse neurodevelopment^[@bib87]^                                                                                                                                                                1q42.2 (Assoc) SZ^[@bib22],\ [@bib67],\ [@bib88],\ [@bib89],\ [@bib90],\ [@bib91],\ [@bib92],\ [@bib93],\ [@bib94]^   \(I\) SZ HIP^[@bib25]^                                                                                                                                                                                                       \(I\) SZ lymphoblasts,^[@bib25]^ PMBCs^[@bib26]^                                                                                    5.0           0.001562, rs12754490                **0.0001308, rs11122318**
  HSPA1B, heat-shock 70-kDa protein 1B                                                    **0.0009003, rs2763979**                                                                                                                           \(D\) PCP HIP; (D) CLZ VT^[@bib6]^                                                                                                                                              \(D\) CLZ                                                6p21.33 (Assoc) SZ^[@bib44]^                                                                                          \(I\) SZ^[@bib45]^                                                                                                                                                                                                           \(I\) SZ, IPS-derived neurons^[@bib10]^                                                                                             5.0                                                
  [MBP]{.ul}, myelin basic protein                                                        0.01002, rs12959006                                                                                                                                \(I\) PCP and CLZ AMY; (D), PCP PFC,^[@bib6]^ (I), SZ,^[@bib95]^ (D) SZ^[@bib96]^                                                                                               \(I\) PCP and CLZ                                        18q23 (Assoc) SZ^[@bib37]^                                                                                            \(D\) SZ^[@bib38]^                                                                                                                                                                                                           \(D\) SZ peripheral blood^[@bib97]^                                                                                                 5.0           0.01345, rs9967028                  0.03257, rs1629089
  [TCF4]{.ul}, transcription factor 4                                                     **0.0002902, rs17594665**        SZ^[@bib98]^                                                                                                      \(I\) PCP NAC^[@bib6]^                                                                                                                                                                                                                   18q21.2 (Assoc) SZ^[@bib32],\ [@bib33],\ [@bib34],\ [@bib35]^                                                         \(I\) SZ^[@bib36]^                                                                                                                                                                                                           \(I\) SZ, IPS-derived neurons;^[@bib10]^ (D) delusions SZ^[@bib7]^                                                                  5.0           0.01039, rs17594665                 0.00126, rs1539951
  [MOBP]{.ul}, myelin-associated oligodendrocyte basic protein                            0.003529, rs1708044                                                                                                                                (I), PCP and CLZ AMY; (D), CLZ CP; (I), CLZ NAC; (D), PCP PFC; (D), CLZ VT,^[@bib6]^ (I), Psychosis,^[@bib99]^ (I), Response to antipsychotics,^[@bib100]^ (D), SZ^[@bib101]^   \(I\) CLZ                                                3p22.1 (Linkage) SZ^[@bib102]^                                                                                        (D), SZ,^[@bib38]^ (I), SZ and substance abuse^[@bib103]^                                                                                                                                                                    (D), SZ lymphocytes^[@bib104]^                                                                                                      4.5           0.02583, rs1405798                  0.004474, rs1538783
  NCAM1, neural cell adhesion molecule 1                                                  0.003917, rs11214441             SZ^[@bib105]^                                                                                                     \(I\) SZ^[@bib95]^                                                                                                                                                                                                                       11q23.2 (Assoc) SZ^[@bib106]^                                                                                         \(I\) SZ^[@bib106],\ [@bib107]^                                                                                                                                                                                              \(D\) SZ, IPS-derived neurons^[@bib10]^                                                                                             4.5           0.002043, rs1245133                 0.001454, rs600964
  [NDUFV2]{.ul}, NADH dehydrogenase (ubiquinon) flavoprotein 2, 24kDa                     0.003243, rs8084822                                                                                                                                Response to antipsychotics^[@bib108]^                                                                                                                                           \(D\) PCP and CLZ                                        18p11.22 (Assoc) SZ^[@bib109]^                                                                                        (D), SZ Striatum,^[@bib110]^ (I), SZ parito-occipital cortex^[@bib1],\ [@bib10]^ (I), SZ^[@bib111]^                                                                                                                          (I), SZ lymphocytes^[@bib110]^                                                                                                      4.5           0.004361, rs1893144                 **0.0009294, rs10468792**
  [NRCAM]{.ul}, neuronal cell adhesion molecule                                           0.006234, rs10250083             SZ^[@bib112]^                                                                                                     \(I\) CLZ VT^[@bib6]^                                                                                                                                                                                                                    7q31.1 (Linkage) SZ^[@bib113]^                                                                                        \(D\) SZ^[@bib48]^                                                                                                                                                                                                           \(D\) SZ serum^[@bib49]^                                                                                                            4.5           0.004773, rs404287                  0.002343, rs409797
  [RAB18]{.ul}, RAB18, member RAS oncogene family                                         0.03817, rs12261690                                                                                                                                \(I\) PCP AMY; (D), PCP PFC; (D) CLZ VT^[@bib6]^                                                                                                                                \(I\) PCP                                                10p12.1 (Linkage) SZ^[@bib114],\ [@bib115],\ [@bib116],\ [@bib117],\ [@bib118]^                                       \(D\) SZ^[@bib119]^                                                                                                                                                                                                          \(D\) SZ whole blood^[@bib120]^                                                                                                     4.5           0.01716, rs7476899                  0.01231, rs11015796
  ADCYAP1, adenylate cyclase-activating polypeptide 1 (pituitary)                         0.002876, rs9954574              SZ^[@bib121]^                                                                                                     \(I\) CLZ NAC; (D) CLZ VT ^[@bib6]^                                                                                                                                                                                                      18p11.32 (Assoc) SZ^[@bib121],\ [@bib122]^                                                                            \(D\) SZ^[@bib119]^                                                                                                                                                                                                                                                                                                                                              4.0           0.02558, rs1394890                  0.005448, rs16953183
  ALDH1A1, aldehyde dehydrogenase 1 family, member A1                                     0.02526, rs11143438                                                                                                                                \(I\) PCP and CLZ AMY; (D), PCP and CLZ NAC,^[@bib6]^ (I) Psychosis^[@bib99]^                                                                                                   \(I\) PCP                                                                                                                                                                      \(D\) SZ,^[@bib111],\ [@bib123]^ (I) SZ^[@bib124]^                                                                                                                                                                           \(I\) SZ, fibroblasts^[@bib125]^                                                                                                    4.0           0.01389, rs7028573                  0.01285, rs11999628
  ANK3, ankyrin 3, node of Ranvier (ankyrin G)                                            0.001727, rs4948256                                                                                                                                \(D\) PCP AMY; (I), PCP CP;v(D), PCP NAC; (I), CLZ VT^[@bib6]^                                                                                                                                                                           10q21.2 (Assoc) SZ^[@bib48],\ [@bib126]^                                                                              \(D\) SZ^[@bib48]^                                                                                                                                                                                                           (I), SZ IPS-derived neurons^[@bib10]^                                                                                               4.0           0.006456, rs10509133                0.005837, rs7906905
  [BDNF]{.ul}, brain-derived neurotrophic factor                                          0.001666, rs10742178                                                                                                                               \(I\) SZ,^[@bib127],\ [@bib128],\ [@bib129]^ (I) PCP in rats, ^[@bib130]^ (I) MK-801 in rats^[@bib131]^                                                                                                                                  11p14.1 (Assoc) SZ^[@bib132],\ [@bib133],\ [@bib134],\ [@bib135]^                                                     \(D\) SZ^[@bib136],\ [@bib137],\ [@bib138]^                                                                                                                                                                                  \(D\) SZ serum,^[@bib49],\ [@bib139],\ [@bib140],\ [@bib141]^ (D) leukocytes psychosis^[@bib142]^                                   4.0                                               0.005507, rs2131060
  CD9, CD9 molecule                                                                       0.0455, rs3181291                                                                                                                                  \(I\) PCP AMY; (D), PCP PFC; (I), PCP VT^[@bib6]^                                                                                                                               \(I\) PCP and CLZ                                                                                                                                                              \(D\) SZ^[@bib143]^                                                                                                                                                                                                          \(D\) SZ IPS-derived neurons^[@bib10]^                                                                                              4.0           0.01167, rs2268014                  0.04739, rs7342306
  CNR1, cannabinoid receptor 1 (brain)                                                    0.002567, rs1324073              SZ^[@bib144]^                                                                                                     \(D\) PCP and CLZ VT,^[@bib6]^ (D) response to antipsychotics^[@bib100]^                                                                                                                                                                 6q15 (Assoc), SZ^[@bib50],\ [@bib51]^                                                                                 \(D\) SZ^[@bib52]^                                                                                                                                                                                                                                                                                                                                               4.0           0.001542, rs9451023                 0.002128, rs873413
  COMT, catechol-O-methyltransferase                                                      0.04098, rs1544325               SZ^[@bib145],\ [@bib146]^                                                                                         (I), CLZ VT^[@bib6]^, (D), SZ^[@bib147]^                                                                                                                                                                                                 22q11.21 (Assoc) SZ^[@bib148]^                                                                                        (I), SZ^[@bib149]^                                                                                                                                                                                                                                                                                                                                               4.0                                               0.01457, rs1544325
  CPLX2, complexin 2                                                                      0.04338, rs10213927              SZ^[@bib150]^                                                                                                     (D), PCP and CLZ VT,^[@bib6]^ (D), SZ^[@bib127]^                                                                                                                                                                                         5q35.2, (Assoc), SZ^[@bib151]^                                                                                        (D), SZ^[@bib136],\ [@bib152],\ [@bib153]^                                                                                                                                                                                                                                                                                                                       4.0           0.01658, rs6887620                   
  [DRD2]{.ul}, dopamine receptor D2                                                       0.01151, rs12791990                                                                                                                                (D), PCP and CLZ PFC,^[@bib6]^ (D), SZ^[@bib154]^                                                                                                                                                                                        11q23.2 (Assoc), SZ^[@bib155],\ [@bib156]^                                                                            \(D\) SZ^[@bib136],\ [@bib157],\ [@bib158]^                                                                                                                                                                                  \(D\) SZ delusions^[@bib7]^                                                                                                         4.0           0.007265, rs4938021                 0.01096, rs17529477
  [DTNBP1]{.ul}, dystrobrevin binding protein 1                                           0.002634, rs12209943             SZ^[@bib159],\ [@bib160],\ [@bib161],\ [@bib162]^                                                                                                                                                                                                                                                                                                          6p22.3 (Assoc) SZ^[@bib163],\ [@bib164],\ [@bib165],\ [@bib166],\ [@bib167],\ [@bib168]^                              (D), SZ^[@bib169],\ [@bib170],\ [@bib171],\ [@bib172]^                                                                                                                                                                       \(D\) Lymphocytes^[@bib173]^                                                                                                        4.0           0.009146, rs9477021                 **0.0001501**, **rs16876575**
  FABP7, fatty acid--binding protein 7, brain                                             0.01053, rs9490546               SZ^[@bib174]^                                                                                                     (I), CLZ NAC; (I), PCP and CLZ PFC^[@bib6]^                                                                                                                                                                                              6q22.31 (Assoc), SZ^[@bib174]^                                                                                        (I), SZ^[@bib174]^                                                                                                                                                                                                                                                                                                                                               4.0                                                
  [GABRB3]{.ul}, gamma-aminobutyric acid (GABA) A receptor, β3                            0.004635, rs8037461                                                                                                                                (I), PCP AMY; (D), PCP HIP; (D), PCP PFC^[@bib6]^                                                                                                                                                                                        15q12 (Assoc) SZ^[@bib175]^                                                                                           \(I\) SZ,^[@bib176]^ (D) SZ^[@bib177]^                                                                                                                                                                                       (I), SZ serum^[@bib178]^                                                                                                            4.0           0.01579, rs12904865                 **0.0009769**, **rs4906835**
  GAD1, glutamate decarboxylase 1 (brain, 67 kDa)                                         0.03907, rs16859026                                                                                                                                (I), PCP AMY,^[@bib6]^ (D), SZ,^[@bib127],\ [@bib128]^ (I), SZ^[@bib176]^                                                                                                       (I), CLZ                                                 2q31.1 (Assoc), SZ^[@bib179]^                                                                                         (D), SZ,^[@bib136],\ [@bib176],\ [@bib177],\ [@bib179],\ [@bib180],\ [@bib181],\ [@bib182],\ [@bib183],\ [@bib184],\ [@bib185],\ [@bib186],\ [@bib187],\ [@bib188],\ [@bib189],\ [@bib190],\ [@bib191]^ (I), SZ^[@bib192]^                                                                                                                                       4.0           0.008447, rs10191129                0.01776, rs2883888
  GNB1L, guanine nucleotide--binding protein (G-protein), β-polypeptide 1-like            0.03659, rs17745302              Impaired PPI^[@bib193]^                                                                                           (I), Chronic haloperidol,^[@bib194]^ (D), SZ^[@bib147]^                                                                                                                                                                                  22q11.21 (Assoc), SZ^[@bib195]^                                                                                       (D), SZ ^[@bib194]^                                                                                                                                                                                                                                                                                                                                              4.0                                                
  GRIA1, glutamate receptor, ionotropic, AMPA 1                                           **0.0008031**, **rs2962816**     SZ^[@bib196]^                                                                                                     (D), PCP and CLZ AMY,^[@bib6]^ (I), response to antipsychotics,^[@bib100]^ (D), response to PCP^[@bib197]^                                                                                                                               5q33.2 (Assoc), SZ ^[@bib198],\ [@bib199]^                                                                            (D), SZ^[@bib200],\ [@bib201]^, (I), SZ^[@bib181],\ [@bib202],\ [@bib203]^                                                                                                                                                                                                                                                                                       4.0           0.00659, rs10044974                 0.006037, rs498660
  GRIA4, glutamate receptor, ionotrophic, AMPA 4                                          0.02792, rs649098                Cognition (impaired PPI)^[@bib204]^                                                                               (I), PCP and CLZ AMY,^[@bib6]^ (D), SZ^[@bib205]^                                                                                                                                                                                        11q22.3 (Assoc), SZ^[@bib206]^                                                                                        (D), SZ,^[@bib119],\ [@bib207]^ (I), SZ^[@bib202]^                                                                                                                                                                                                                                                                                                               4.0           0.001526, rs7116118                 0.00343, rs2277280
  GRIN2B, glutamate receptor, ionotropic, *N*-methyl [D]{.smallcaps}-aspartate 2B         0.001569, rs4363703              SZ ^[@bib208]^                                                                                                    (D), CLZ AMY; (I), CLZ VT,^[@bib6]^ MK-801-treated rats,^[@bib209]^ (D), response to antipsychotics,^[@bib100]^ (D), SZ,^[@bib176]^                                                                                                      12p13.1 (Assoc), SZ^[@bib155],\ [@bib167]^                                                                            (D), SZ,^[@bib201]^ (I), SZ^[@bib210]^                                                                                                                                                                                                                                                                                                                           4.0           0.001427, rs1072388                 0.003102, rs12826365
  GRM5, glutamate receptor, metabotropic 5                                                0.002559, rs992259               SZ^[@bib211]^                                                                                                     (D), PCP AMY, (D), PCP VT,^[@bib6]^ (D), SZ^[@bib129]^                                                                                                                                                                                   11q14.3 (Assoc), SZ^[@bib212]^                                                                                        (D), SZ^[@bib181]^                                                                                                                                                                                                                                                                                                                                               4.0           0.01842, rs170110                   0.001263, rs1846475
  GSN, gelsolin                                                                           0.04739, rs12376078                                                                                                                                (I), PCP AMY, (D), CLZ CP^[@bib6]^                                                                                                                                              \(I\) PCP and CLZ                                        33.2 (Assoc), SZ^[@bib213]^                                                                                           (D), SZ^[@bib111],\ [@bib192][@bib143],\ [@bib214]^                                                                                                                                                                                                                                                                                                              4.0           0.002313, rs767770                  **0.0001564**, **rs4837835**
  [HINT1]{.ul}, histidine triad nucleotide--binding protein 1                             **0.00008672**, **rs11242025**   SZ^[@bib215]^                                                                                                                                                                                                                                                                                                                                              5q23.3 (Assoc), SZ, ^[@bib216],\ [@bib217]^                                                                           (D), SZ^[@bib218]^                                                                                                                                                                                                           (I), SZ whole blood^[@bib120]^                                                                                                      4.0           0.008637, rs7734177                  
  [HTR2A]{.ul}, 5-hydroxytryptamine (serotonin) receptor 2A                               0.02014, rs7985155                                                                                                                                 (I), Response to antipsychotics,^[@bib100]^ (D), SZ^[@bib219]^ (I), SZ^[@bib154]^                                                                                                                                                        13q14.2 (Assoc), SZ^[@bib155],\ [@bib220]^                                                                            (D), SZ^[@bib136],\ [@bib221],\ [@bib222]^                                                                                                                                                                                   (D), SZ lymphocytes^[@bib223]^                                                                                                      4.0           0.003461, rs17070879                0.002529, rs1886439
  KALRN, kalirin, RhoGEF kinase                                                           0.006285, rs3772756                                                                                                                                (I), CLZ VT^[@bib6]^                                                                                                                                                                                                                     3q21.1 (Assoc), SZ^[@bib224]^                                                                                         (D), SZ^[@bib225]^                                                                                                                                                                                                           (D), SZ IPS-derived neurons^[@bib10]^                                                                                               4.0           0.01015, rs9832419                  0.009074, rs1822791
  KIF2A, kinesin heavy chain member 2A                                                    0.005374, rs6864793                                                                                                                                (D), CLZ VT^[@bib6]^                                                                                                                                                            \(I\) PCP and CLZ                                        5q12.1 (Assoc), SZ^[@bib226]^                                                                                         (D), SZ^[@bib119]^                                                                                                                                                                                                                                                                                                                                               4.0           0.003396, rs153864                  0.005207, rs10069830
  NR4A2, nuclear receptor subfamily 4, group A, member 2                                  **0.0006887**, **rs12465886**    SZ^[@bib227]^                                                                                                     (I), PCP and CLZ HIP, (I), PCP and CLZ NAC;, (D), PCP PFC, (I), PCP and CLZ VT^[@bib6]^                                                                                                                                                  2q24.1 (Assoc), SZ,^[@bib228]^                                                                                                                                                                                                                                                                                                                     (I), SZ IPS-derived neurons ^[@bib10]^                                                                                              4.0           0.001624, rs6743834                 0.004081, rs16840214
  [NRG1]{.ul}, neuregulin 1                                                               0.001731, rs1158001              SZ^[@bib229],\ [@bib230],\ [@bib231]^                                                                                                                                                                                                                                                                                                                      8p12 (Assoc), SZ^[@bib94],\ [@bib220],\ [@bib232],\ [@bib233],\ [@bib234],\ [@bib235]^                                (D), SZ^[@bib38],\ [@bib236],\ [@bib237],\ [@bib238]^ (I), SZ^[@bib239],\ [@bib240],\ [@bib241]^                                                                                                                             (I), SZ IPS-derived neurons,^[@bib10]^ (I), SZ, Leucocytes,^[@bib242]^ (I), SZ lymphocyte, ^[@bib243]^ (I), SZ delusions^[@bib7]^   4.0           0.00104, rs2716960                  **0.000006564**, **rs6989777**
  PDE4B, phosphodiesterase 4B, cAMP-specific                                              0.003042, rs6588193              SZ^[@bib244]^                                                                                                     (D), PCP,^[@bib6]^ (I), psychosis,^[@bib245]^ (D), response to antipsychotics^[@bib246]^                                                                                                                                                 1p31.3 (Assoc) SZ^[@bib234],\ [@bib247],\ [@bib248],\ [@bib249],\ [@bib250]^                                          \(D\) SZ^[@bib247]^                                                                                                                                                                                                                                                                                                                                              4.0           0.02102, rs11805090                 **0.000103, rs17417507**
  PRKCA, protein kinase C, alpha                                                          0.007991, rs6504428                                                                                                                                (I), CLZ PFC, (D), CLZ VT,^[@bib6]^ (I), response to antipsychotics^[@bib251]^                                                                                                                                                           17q24.2, (Assoc), SZ^[@bib252],\ [@bib253]^                                                                           (D), SZ^[@bib136]^                                                                                                                                                                                                           (D), SZ IPS-derived neurons^[@bib10]^                                                                                               4.0           0.01166, rs9908814                  **0.0004001**, **rs16959057**
  RELN, reelin                                                                            0.01368, rs2711865               SZ^[@bib254]^                                                                                                     (I), CLZ PFC;, (D), PCP and CLZ VT,^[@bib6]^ (D), SZ^[@bib128],\ [@bib255]^                                                                                                                                                              7q22.1 (Assoc), SZ^[@bib94],\ [@bib155],\ [@bib233],\ [@bib256],\ [@bib257],\ [@bib258],\ [@bib259]^                  (D), SZ^[@bib136],\ [@bib186],\ [@bib187],\ [@bib190],\ [@bib260],\ [@bib261]^                                                                                                                                                                                                                                                                                   4.0           0.007165, rs10227303                0.004365, rs7794418
  RGS4, regulator of G-protein signaling 4                                                0.004835, rs4657235              SZ^[@bib262]^                                                                                                     (I), PCP and CLZ AMY;, (I), CLZ HIP ;, (D), CLZ PFC;, (I), PCP and CLZ VT,^[@bib6]^ (D), SZ^[@bib263],\ [@bib264]^                                                                                                                       1q23.3 (Assoc), SZ^[@bib167],\ [@bib220],\ [@bib265],\ [@bib266]^                                                     (D), SZ,^[@bib45],\ [@bib210],\ [@bib267],\ [@bib268],\ [@bib269],\ [@bib270],\ [@bib271]^ (I), SZ^[@bib272]^                                                                                                                                                                                                                                                    4.0           0.007928, rs12403644                0.007516, rs10917637
  SLC1A2, solute carrier family 1 (glial high-affinity glutamate transporter), member 2   0.02565, rs3794086                                                                                                                                 (D), CLZ AMY, (D), CLZ VT^[@bib6]^                                                                                                                                              (I), CLZ                                                 11p13 (Assoc), SZ,^[@bib273]^                                                                                         (D), SZ,^[@bib153]^ (I), SZ^[@bib274],\ [@bib275]^                                                                                                                                                                                                                                                                                                               4.0           0.03109, rs3829280                  0.002563, rs12270460
  SNAP25, synaptosomal-associated protein, 25 kDa                                         0.01815, rs6032783               SZ^[@bib276]^                                                                                                     (I), SZ^[@bib127],\ [@bib263]^                                                                                                                                                                                                           20p12.2 (Assoc), SZ^[@bib277]^                                                                                        (D), SZ,^[@bib181],\ [@bib278],\ [@bib279],\ [@bib280],\ [@bib281]^ (I), SZ^[@bib181],\ [@bib282],\ [@bib283]^                                                                                                                                                                                                                                                   4.0           0.005819, rs362616                  0.01192, rs362560
  SYN2, synapsin II                                                                       0.003144, rs2960421              SZ^[@bib284],\ [@bib285]^                                                                                         (D), PCP and CLZ AMY, (D), PCP CP, (D), PCP and CLZ VT,^[@bib6]^ (I), SZ,^[@bib205]^ (D), SZ^[@bib127],\ [@bib263]^                                                                                                                      3p25.2 (Assoc), SZ^[@bib151],\ [@bib286],\ [@bib287]^                                                                 (D), SZ,^[@bib45],\ [@bib288][@bib183]^ (I), SZ antipsychotic, treatment^[@bib107]^                                                                                                                                                                                                                                                                              4.0           0.042, rs2618406                    0.02541, rs17671592
  [TNIK]{.ul}, TRAF2 and NCK interacting kinase                                           0.001377, rs260769                                                                                                                                 (I), CLZ VT^[@bib6]^                                                                                                                                                                                                                     3q26.31 (Assoc), SZ^[@bib9],\ [@bib89],\ [@bib234],\ [@bib289]^                                                       (I), SZ^[@bib278]^                                                                                                                                                                                                           (D), SZ lymphoblastoid cell lines^[@bib290]^                                                                                        4.0           0.006987, rs12639373                **0.00007179**, **rs13065441**

Abbreviations: AA, African American; AMY, amygdala; Assoc, association evidence; CFG, convergent functional genomics; CLZ, clozapine; CP, caudate putamen; D, decreased in expression; EA, European American; GWAS, genome-wide association study; I, increased in expression; IPS, pluripotent stem cell; ISC, International Schizophrenia Consortium; Linkage, linkage evidence; NAC, nucleus accumbens; PCP, phencyclidine; PFC, prefrontal cortex; PMBC, peripheral mononuclear blood cells; SNP, single-nucleotide polymorphism; SZ, schizophrenia; TG, transgenic; VT, ventral tegmentum.

Top genes with a CFG score of 4 and above (*n*=42) are shown. A more complete list of genes with CFG score of 3 and above (*n*=186) is available in the [Supplementary Information](#sup1){ref-type="supplementary-material"}. Gene symbols underlined are blood biomarker candidate genes. Best *P*-value SNP within the gene or flanking regions are depicted. *P*-values in bold are \<0.001. The last two columns depict gene-level replication of findings, that is, best *P*-value SNPs in the same gene from two other independent cohorts (GAIN EA and GAIN AA). In total, 37 of our top 42 genes (88.1%) had at least a SNP with *P*\<0.05, in both the GAIN-EA cohort and in the GAIN-AA cohort.

###### Ingenuity pathway analyses of top candidate genes

  *Top canonical pathways CFG* ⩾*3*                     P*-value*  *Ratio*
  ---------------------------------------------------- ----------- ----------------
  *ISC (*n*=186 genes)*                                            
   Glutamate receptor signaling                         9.25E−13   12/69 (0.174)
   G-protein--coupled receptor signaling                9.33E−13   27/530 (0.051)
   CREB signaling in neurons                            1.76E−12   17/202 (0.084)
   cAMP-mediated signaling                              3.55E−11   17/219 (0.078)
   Neuropathic pain signaling in dorsal horn neurons    3.64E−11   13/112 (0.116)
                                                                    
  *GAIN EA (*n*=173 genes)*                                        
   Glutamate receptor signaling                         4.57E−16   14/69 (0.203)
   CREB signaling in neurons                            4.72E−14   18/202 (0.089)
   G-protein--coupled receptor signaling                  2E−13    27/530 (0.051)
   cAMP-mediated signaling                               1.2E−12   18/219 (0.082)
   Synaptic long-term potentiation                      1.58E−12   14/114 (0.123)
                                                                    
  *GAIN AA (*n*=201 genes)*                                        
   cAMP-mediated signaling                               7.6E-17   23/219 (0.105)
   Glutamate receptor signaling                         1.09E−16   15/69 (0.217)
   Synaptic long-term potentiation                      2.24E−15   17/114 (0.149)
   G-Protein--coupled receptor signaling                2.43E−14   30/530 (0.057)
   CREB signaling in neurons                            4.52E−14   19/202 (0.094)

Abbreviations: AA, African American; CFG, convergent functional genomics; EA, European American; ISC, International Schizophrenia Consortium.

Discovery in ISC and reproducibility in two independent cohorts, GAIN EA and GAIN AA.

###### GRPS-42: non-differentiation between schizophrenics and controls in independent cohorts using a panel composed of the single best SNP from ISC in each of the top candidate genes (42 SNPs, in 42 genes)

  *Description of panel*                                                                   *GAIN EA*                                                        *GAIN AA*
  ---------------------------------------------------------------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------
  Single best *P*-value SNPs in each of the top 42 candidate genes from ISC GWAS, *n*=42   *P*=0.10308, 39 out of the 42 ISC SNPs were present in GAIN EA   *P*=0.13567, 37 out of the 42 ISC SNPs were present in GAIN AA

Abbreviations: AA, African American; EA, European American; GRPS, genetic risk prediction score; GWAS, genome-wide association study; ISC, International Schizophrenia Consortium; SNP, single-nucleotide polymorphism.

###### GRPS-542: differentiation between schizophrenics and controls in four independent cohorts using a panel composed of all the nominally significant SNPs from ISC in the top candidate genes (542 SNPs in 42 genes)

  *GAIN EA*                                                      *GAIN AA*
  -------------------------------------------------------------- --------------------------------------------------------------
  *P*=0.03213, 527 SNPs in 41 genes were present in GAIN EA      *P*=0.00847, 516 SNPs in 42 genes were present in GAIN AA
                                                                  
  NonGAIN EA                                                     NonGAIN AA
  *P*=0.00664, 537 SNPs in 42 genes were present in nonGAIN EA   *P*=0.03829, 537 SNPs in 42 genes were present in nonGAIN AA

Abbreviations: AA, African American; EA, European American; GRPS, genetic risk prediction score; ISC, International Schizophrenia Consortium; SNP, single-nucleotide polymorphism.

###### Reproducibility between independent GWAS

  *Numbers and overlap across studies*    *ISC*    *GAIN EA*   *GAIN AA*   *ISC vs GAIN EA*   *ISC vs GAIN AA*   *GAIN EA vs GAIN AA*  *ISC vs. GAIN-EA vs. GAIN-AA (% of ISC)*
  -------------------------------------- -------- ----------- ----------- ------------------ ------------------ ---------------------- ------------------------------------------
  SNPs P⩽0.05                             45 972    42 336      57 118           2649               2986                 2839          163 (0.4%)
  Genes                                   10 180     9002       11 260           6470               7583                 6807          5518 (54.2%)
  Genes CFG ⩾1                             3194      2913        3524            2243               2564                 2384          2012 (63.0%)
  Genes CFG ⩾3                             186        173         201            147                160                  153           134 (72.0%)
  Genes CFG ⩾4                              42        41          45              37                 37                   38           35 (83.3%)
  Pathways for genes with CFG ⩾1           217        210         205            194                188                  180           176 (81.1%)
  Pathways for genes with CFG ⩾3            79        85          108             72                 76                   81           72 (91.1%)
  Pathways for genes with CFG ⩾4            34        50          75              33                 34                   48           33 (97.1%)

Abbreviations: AA, African American; CFG, convergent functional genomics; EA, European American; GWAS, genome-wide association study; ISC, International Schizophrenia Consortium; SNP, single-nucleotide polymorphism.

Increasing consistency and overlap observed from nominally significant SNPs (0.4%) to genes, then to CFG prioritized genes, and finally to pathways of CFG prioritized genes (97.1%).

[^1]: The first two authors contributed equally to this work.
